In this paper, we consider a mobile system consisting of a single isolated circular cell with K independent users simultaneously sharing the channel using binary DS-CDMA to establish a full duplex channel with the base station. Both coherent and differential detection RAKE receivers with Maximal Ratio Combining (MRC) techniques are considered. The performance of two uplink/downlink receivers in Nakagami wideband fading channel is studied. Our approach relies on the use of total instantaneous interference power calculations instead of the use of average power approximations. We analyzed and derived new exact formulae for bit error probabilities for the considered system, and presented a set of numerical results both for the exact formulae and Gaussian approximation. The performance comparisons suggest that the exact formulae provide superior performance to Gaussian approximation especially at low number of users and either high fading parameters of the desired user or low fading parameters of the MAIs. key words: wideband fading channel, Nakagami distribution, DS-CDMA, differential and coherent RAKE receivers, multiple-access interference, bit error probability
Introduction
In mobile communication systems, most of the researches on spread spectrum focused on the direct sequence-code division multiple access (DS-CDMA) system because of its capacity over the frequency hoping (FH) one and the potential of offering diversity reception in a RAKE receiver. In order to minimize the multiple access interference (MAI) in the DS-CDMA system, the problems with synchronization and perfect power control should be resolved. In order to improve the performance of the system, there are ongoing studies for varying scenarios as well as FH-CDMA technique as alternative to DS-CDMA and hybrid CDMA schemes. For example, the third generation cellular radio system is based on wideband CDMA [1] . In addition, the previous closed-form bit error rate formulae for certain fading, receiver, modulations and diversity schemes are based on the assumption that uses average interference power [5] - [7] , [9] - [11] , [17] - [19] , [24] , [25] . However, the central limit theorem typically becomes sufficiently accurate and related performance results depend on the system parameters: the number of users, spreading factors, bit error rate, number of paths, fading parameters, and power delay Manuscript received March 17, 2003 . Manuscript revised March 25, 2004 . † The author is with the Department of Electrical Engineering, College of Engineering, United Arab Emirates University, AL-AIN, United Arab Emirates.
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a) E-mail: mhafez@uaeu.ac.ae b) E-mail: alagoz@boun.edu.tr profiles, etc. It is, therefore, of our interest in this paper to consider the most generalized instantaneous powers of the MAI with the number of paths, distinct fading parameters and power delay profiles of the Nakagami faded channels. It is well known that different fading channels (Rayleigh, Rician, Lognormal, Nakagami-m, etc) yield different performance results. In this paper, the multipath fading channel is considered as the generalized Nakagami-m fading distribution such that Rayleigh, Rician, and unfaded cases are special cases by a specific fading parameter [15] . For example, a proper selection of the fading parameter will approximate the Nakagami-m distribution by a Rician one in order mimic a realistic channel scenario in which there exist a strong line of sight (LOS) and other diffused and weaker components between the user terminal and the base station. In DS-CDMA, the multipath fading is considered to be frequency selective in view of the large instantaneous frequency bandwidth required by each user. In most researches, the Gaussian approximation is used to model the total MAI and the signal to interference ratio (S IR) is determined by modeling the interfering part of the received signal as a zero mean Gaussian random variable. However, this approximation may be valid for high number of users and high spreading factors. For example, in the considered CDMA system the central limit theorem typically becomes sufficiently accurate, at least, when the number of users is in excess of 8, provided that the Bit Error Probability (BEP) is higher than 10 −6 [23] . In this paper the effect of the total interference is accounted by the sum of the AWGN power and the total MAI instantaneous power. Therefore, this approach is more realistic and provides more accurate results for the DS-CDMA systems.
Although optimum combining technique for diversity reception in fading channels with multiple interferers has been studied extensively, its implementation complexity (the need for channel estimates for cochannel interferers) hinders the use of optimal combining scheme. In general, it is common to use Maximal Ratio Combining (MRC) for coherent detection and equal gain combining (EGC) for differential detection [16] . In this paper we consider both a RAKE receiver with coherent MRC and differential MRC. We also consider distinct fading parameters and exponentially decaying Multipath Intensity Profile (MIP). Moreover, the MAI are accounted by their instantaneous power instead of average powers of the interferers. In order to cover different fading scenarios, our analysis was carried out for the generalized Nakagami-m distribution with real Copyright c 2005 The Institute of Electronics, Information and Communication Engineers fading parameters. We investigate the performance of an uplink/downlink DS-CDMA cellular radio system in terms of BEP using binary coherent and differential detection in AWGN, multiple access interference, and multipath Nakagami fading channel employing RAKE receiver. We derive the exact and new formulae for the BEP.
Hanzo [24] presented the performance of generalized multicarrier DS-CDMA by focusing on the chip waveforms, namely, the time-domain half-sine, raised-cosine and rectangular waveforms. On the other hand, the performance of a single cell DS-CDMA system has been extensively studied [4] - [11] , [17] - [19] , [21] . Alouini [5] studied the performances of RAKE receivers with EGC and MRC techniques using the Gaussian approximation and coherent detection. He assumed equal fading parameters for RAKE fingers and a uniform MIP. Fu [10] studied the differential detection with multiple cell scenario based on Gaussian approximation and uniform fading parameters and MIP for RAKE receivers. Eng [9] used the Gaussian approximation with exponential decaying MIP and identical fading parameters for all RAKE fingers. Luo [21] analyzed correlated fading for a single user wideband CDMA system. The analysis done by Oh [17] is limited for an asynchronous cellular DS-CDMA system and integer fading parameters. With reference to our earlier work presented in [22] , we extend the analysis for all users with distinct channels in both uplink and downlink. In addition, to present the performance improvements, both Gaussian approximation and exact solutions are treated and detailed numerical results for comparison purposes are presented.
The remainder of the paper is organized as follows. Section 2 briefly describes the CDMA system model including the transmitter, multipath channel, and receiver models. The receiver models include RAKE receiver with coherent MRC and differential MRC. Section 3 presents the signal to interference ratio and corresponding probability density functions (pd f ) for both uplink and downlink DS-CDMA cellular system. The section includes a generalized pd f formula for uplink/downlink. Section 4 contains the performance analysis of both approximate and exact solutions. The performance measure is based on the derivation of the average BEP for both coherent and differential binary detection. Section 5 presents a set of numerical results followed by concluding remarks in Section 6.
DS-CDMA System Model
In a CDMA system, each of the K users is assigned a code sequence that modulates the phase of the carrier along with the data sequence. We shall assume a single isolated circular cell with K independent users simultaneously sharing the channel using binary DS-CDMA to establish a full duplex channel with the base station. The results may be extended to include the effects of interference of multiple cells. The mobile users are assumed to be uniformly distributed throughout the cell.
Transmitter Model
Each user transmits with average power P k , (1 ≤ k ≤ K), at carrier frequency ω c with data rate R b and chip rate R c . Each user is assigned a unique spreading code sequence, a k, j ∈ {−1, +1}, with code waveform given by
The kth user data signal, with data elements b k, j ∈ {−1, +1}, is a binary phase shift keyed signal given by
where p T (t) denotes a unit rectangular pulse of duration T , where T c and T b are the chip duration and data bit duration, respectively. We take η = T b /T c to be the processing gain of the spread-spectrum system. The transmitted signal for the kth user is a phase-coded carrier, which may be written as
where the phase angle φ k is assumed to be uniformly distributed in [0, 2π). The composite transmitted signal, S T (t), at the input of the channel is the sum of all signals for the K simultaneous users in the system expressed as
Channel Model
Frequency selective Nakagami fading channel is assumed for all users. This kth user channel can be modelled as a linear filter characterized by a complex valued low-pass impulse response using a tapped-delay line as
where β l k , τ l k , and θ l k are path amplitudes, delays, and phases, respectively, corresponding to the kth user over the lth path. L k denotes the number of paths for the kth user channel. In slow fading channels, both τ l k and θ l k are assumed to be constants during one bit duration and θ k,l is uniformly distributed over [0, 2π).
The path gain β l k is described by Nakagami distribution [15] ,
with the parameters m l k , is gamma distributed with pd f given as
The tap delay line coefficients are characterized by the MIP, which is assumed to be exponentially decaying by a factor α. This assumption is reasonably accurate for a congested urban area [14] . The average received power of kth user through the lth path, P l k , is written as [4 
where
and thus the total average received power for the kth user can be written as
In this paper we consider that m l k is exponentially decaying with respect to l, m
The validity of this condition is justified in detail by physical interpretation of the wideband channel [8] . In general the m parameter value of the first path should be higher than the m parameter of the second path due to the fact that the first shall always contain the LOS path and ground reflected paths. Any other subpaths in the first resolvable path would traverse less distance than the second path's subpaths. Therefore, the first path shall always have higher specular power component when compared to the second path. It can be concluded that the value of m is a decreasing function of excess delay due to decreasing specular power component with respect to excess delay. Because the average power is also a function of specular power, the average power delay profile is also a decreasing function of excess delay. Hence, ratio (11) may be assumed constant.
Receiver Models
For the channel input given by (4), the received signal r(t) for the general case of multiple users at the output of the mobile channel, in a single-cell system, may be written as
where n (t) is the AWGN with zero mean and two sided power spectral density N 0 /2 and ϕ
k is the phase of the lth path for the kth user assumed to be independent and uniformly distributed random variables over [0, 2π).
To combat the multipath fading and improve the system performance using multipath diversity techniques, RAKE receivers are considered with L r branches. The receivers are provided with time delay estimates of the arriving paths. Each of the L r allocated signals is first correlated with its user's code waveform, a k (t), and then coherently or differentially demodulated. In order to simplify the analysis, we consider perfect code/phase and time synchronization at every branch. The analysis presented in this paper is valid for the cases when the receiver is unable to resolve all the multipath (i.e. L r < L) and when the receiver is able resolve all paths, L r = L. Figure 1 depicts the considered RAKE receiver with coherent maximal ratio combining (MRC). The RAKE fingers are weighted based on their respective fading amplitudes. With coherent detection, perfect acknowledge of the fingers gains and phases are assumed. The MRC with perfect channel side information is known to be an optimal diversity scheme that provides maximum output signal to noise ratio (S NR) Fig. 1 RAKE receiver with coherent MRC. [16] .
Coherent Detector
We assume that acquisition has been accomplished for the jth user as the desired user. It is well-known that the output of the correlation receiver at each sampling time consists of four terms, r j = S + I MAI + I S I + N, where S is the desired signal component to be detected, I MAI is the multipleaccess interference (MAI) from the (K − 1) other simultaneous users, I S I is the self-interference (S I) for the desired user that represents the intersymbol interference (IS I) and N is the additive Gaussian noise. Using a similar approach presented in [6] , the instantaneous Signal to Interference plus Noise Ratio after coherent detection, S INR Coh. j,t , that is received by branch t from user j, is defined by Eq. (13).
S INR
is the received bit energy to background noise ratio of the lth path for the kth user, and A defines the link type, A = 1 for uplink, and A = 2 for downlink. The term Aη
and the term A
E b stands for the MAI. The total instantaneous processed bit energy to interference plus noise ratio (S INR Coh. j ) of the jth user using coherent receiver is given by
2.3.2 Differential Detector Figure 2 depicts the considered RAKE receiver with differential MRC. This model may be used in the absence of
perfect channel estimation. In this type of receivers, the received signal is demodulated and combined without the estimation of the channel parameters. For the jth user being the reference user, the output of the different detector described by Figure 2 consists of four terms, r j = S + I MAI + I S I + N as described earlier. Using a similar approach presented in [10] 
The pd f of SINR
If proper spreading codes are used, the self-interference can be easily suppressed [4] . For exponential decaying MIPs and larger number of users, the self-interference will be negligible compared with the MAI. And, for the sake of simplicity, the self-interference terms in (13) and (15) for coherent and differential detectors can be ignored.
Gaussian Approximation
Using Gaussian assumption in BEP calculations of DS-CDMA is very common [5] - [7] , [9] , [10] , and [11] for high number of users. We consider Gaussian approximation to model MAI and S I as AWGN processes with zero means and variances equal to the variance of MAI and S I, respectively. If the S I is ignored for the reasons stated earlier, the instantaneous bit energy to interference plus noise ratio received by branch t from user j after coherent and differential detection, S INR j,t , can be written as
represents the average received bit energy to background noise ratio of the lth path for the kth user.
Let the total received S NR of the desired user be defined as
the corresponding pd f is a gamma distribution written as
where m The total received S INR can be written as
. Thus, the pd f of R j for uplink and downlink using Gaussian approximation can be expressed as,
As a special case, if interfering users are assumed to have the same number of paths, fading parameters, and average
, and P k = P for 1 ≤ k ≤ K,and k j, then γ T I can be written as
Exact Solution
If the self interference is ignored for the reasons stated earlier, the S INR j,t for both coherent and differential receivers is given by
where A = 1 for uplink and A = 2 for downlink, as defined earlier. 
Uplink Link
Using the characteristic function technique and (11), we can easily obtain the pd f of X for the uplink as gamma distribution in the following form
l=0 m l represents the sum of the fading parameter for all interferers, γ
γ l , and
represents the average received bit energy to background noise ratio of the lth path, and C k = C (constant).
The pdf of desired signal to interference plus noise ratio, R j = the pd f of z is defined by
After some calculus manipulations, we can obtain the pd f of R j as
Distinct MAI
The most general case for uplink is when all MAI users have distinct MIPs, i.e. distinct fading parameters, number of multipath, and power delay profiles. Let X be defined as
Assuming independent users with (11) holds, using the characteristic function technique and the approach presented by [6] , the pd f of X can be written as (24) .
The pdf of desired signal to interference plus noise ratio, R j , can be found using the approach described earlier and one can obtain the pd f of R j as
The case will not be considered for further study and we shall limit our analysis for identical MAI due to its simplicity. Further study could be done for distinct MAI.
Downlink Link
In the downlink all signals experience identical fading when transmitted to a particular receiver,
Using the characteristic function technique and with (11) holds, we obtain the pd f of X for the downlink as γ l . Let the total received S NR for the desired user be defined by (18) . Then the corresponding pd f is given by (19) . , can be obtained using the following expression
The pd f of z is defined by
With some calculus we obtain the pd f of R j as
dz. (34)
Generalized pdf Formulae for Uplink/Downlink
The two equations (26) and (34) can be written as a generalized form as follows:
and
where A, m T j and γ T j are defined earlier.
Performance Analysis
The general formulae for average BEP associated with transmitter j is found using
where f R j (r) is the conditional pdf of R j and P (r) denotes the bit error probability of the considered detection scheme in AWGN channel. The bit error probabilities of the RAKE receivers employing differential and coherent detection in AWGN channels are given as
for DPSK (Differential detection), and
for BPSK (Coherent detection), respectively.
BEP Using Gaussian Approximation

RAKE Receiver with Differential MRC
The average BEP of RAKE receiver with MRC with differential detection can be found by inserting (39) and (21) into (38),
using the integral ∞ 0 r n−1 e −ar dr = a −(n) Γ (n) [13] , the average BEP can be written as
RAKE Receiver with Coherent MRC
To find the average BEP for RAKE receiver with MRC with coherent detection using gaussian approximation, we insert (40) and (21) into (38)
The er f c can be written in terms of the gamma function as
using the integral
is the Gaussian hypergeometric function [13] , a closed form expression can be found for the average BEP as From (45), we could see how the BEP is independent of the fading parameter of the MAIs. In reality this is not the case and the fading parameter of the MAIs becomes an factor to consider.
Exact BEP Analysis
RAKE Receiver with Differential MRC
The average BEP of RAKE receiver with MRC with differential detection can be found by inserting (39) and (35) Both [6] and [9] present the BEP performance of coherent detection of binary DS-CDMA system using the Gaussian approximation. In addition, [6] presents the solution in integral form while [9] is limited to integer values of fading parameters. Although [4] presents an exact analysis, it is limited to noncoherent detection for Rayleigh multipath fading channels. In comparison with [4] , [6] and [9] , (52) presents an exact and new solution for coherent detection in a Nakagami wideband fading channel.
Numerical Results
In this section, we investigate the effects of selection of system parameters on the average BEP performance of coherent/differential RAKE receivers operating in Nakagami fading channel with arbitrary fading parameters. The presented results are for both uplink and downlink. The selected parameters and the corresponding numerical results are chosen to present the effect of such parameters. Other set of parameters and the corresponding numerical results can be obtained using the same approach. A set of parameters was used with the following notations: η is the processing gain, K is the number of users occupying the channel simultaneously,L r is the number of RAKE branches, L j is number of propagation paths of the desired user channel, L I is the number of propagation paths of the MAI's channel, m and is the 1st path fading parameter of the MAI, α j is decay factor of the desired user channel, and α I is decay factor of the MAI's channel. Figure 3 shows the avearge BEP performance for uplink differential RAKE receiver versus average SNR for varying number of receiver branches. For this case we assumed that the desired user channel is completely different from the MAI channels. We have chosen L j to be 10 and L I to be 7, and the fading parameters of the 1st path of the desired user m 0 j is 2.3, and the corresponding parameter of the MAIs m 0 I is 1.8. The fading parameters are chosen to be real valued to show the capability of our analytical solution that addresses such cases. We distinguished between the two channels by the decay factor of MIP of both the desired user and the MAI channels. The figure presents the exact numerical results obtained by (49) and compared with the Gaussian approximation, obtained using (42). The effect of number of receiver branches on the average BEP is shown with optimal performance when the receiver resolves all paths, L r = L j . If the receiver makes an error of 20% in estimating the exact number of desired user's channels branches, L r = 8, the performance would be acceptable compared with that of the case with such an error of 90%, L r = 1. Regardless of the number of receiver branches, an error-floor is reached, yet it can only be reached at high SNR. The figure shows the validity of the exact and approximate solution. For K = 16 users and L I being equal to 7, we can see that Gaussian approximation and exact results are very close.
The average BEP for downlink differential RAKE re- ceiver versus average SNR for various number of receiver branches is presented in Figure 4 . For downlink, all users' channels are identical at the desired user receiver. We have
, and α j = α I = 0.1. The figure presents the exact numerical results obtained by (49) and compared with the Gaussian approximation, obtained using (42). The accuracy of receiver channel estimation for the number of channel MIP is an important factor in the design. We can easily observe that the performance degrades as L r decreases. In general, similar conclusions could be observed from this figure compared with Figure 3 .
The probability of bit error performance for both downlink and uplinks of coherent RAKE receiver is pre- 
sented in Figures 5 and 6 . With similar parameters used in Figures 3 and 4 , one can come with the same conclusion for the effect or L r and the accuracy of our analytical solution.
To show the effect of number of users and the accuracy of the exact solution compared with Gaussian approximation, Figure 7 is introduced, where the probability of bit error for uplink coherent RAKE receiver versus number of users for various fading parameters is presented. A low spreading factor was selected, η=16, with L j =3 and L r =3, and L I =3, S NR=20dB, α j =0.1,and α I =0. The parameters selected were chosen in purpose to show the validity of the Gaussian approximation. We selected different fading parameters for desired and MAI channel. With the desired user being less fading, i.e., higher fading parameter, the probability of bit error decreases, resulting to higher capacity to the same BEP. The deficiency in using Gaussian approximation becomes higher as the number of users is decreased. As m 0 I increases, the exact results approach to the Gaussian approximation. As a results, the Gaussian approximation is valid for high number of users with either low fading parameters of the desired user or high fading parameters of the MAIs. Figure 8 shows the average BEP for downlink coherent RAKE receiver versus the number of users for different fading parameters. In downlink, the channel for all users is identical. The parameters of a user are: η=16, with L j =3 and L r =3, and L I =3, S NR=20dB,and α j =α I =0. Channel with higher fading parameter will result in lower BEP and increase in the system capacity. The proper selection of the fading parameters could result in improved system capacity. The Gaussian approximation is valid with low value of fading parameters, but it deviates from the exact results with higher values of fading parameters. Using similar approach, one could extend the results for differential RAKE receiver for both uplink and downlink.
Conclusion
In this paper, we derived the closed form of the formulae for average bit error probability (BEP) for DS-CDMA mobile radio over Nakagami-m fading channel taking into consideration the instantaneous interference arising from multi access users. The Multiple Access Interference (MAI) are accounted by their instantaneous power instead of average power (Gaussian approximation). We consider the most generalized MAI case that includes the number of paths, distinct fading parameters and power delay profiles. We also consider both RAKE receivers with coherent and differential maximal ratio combining. In order to cover different fading scenarios, our analysis as well as numerical results are carried out for real fading parameters. The performance results suggest that the central limit theorem typically becomes sufficiently accurate, when the number of users is above the threshold, provided that the BEP is higher than 10 −6 and the fading parameters are low. Otherwise, the performance result relying on the Gaussian approximation deviates from the one with the exact formulae.
